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We report the photoconductive properties and photorefractive grating response time of a polymer mixture com-
posed of 40-wt. % dissolved diethylamino-benzaldehyde diphenyl hydrazone (DEH) and the non-cross-linking
epoxy polymer Bisphenol A 4,4'-nitroaminostilbene. The films have improved photoconductive sensitivities
as high as 2.1 x 10-1o cm/(W fi) at a wavelength of 650 nm with a corresponding reduction of the grating
response time constant to 0.11 ± 0.02 s at an intensity of 1 W/cm2. The nitro-aminostilbene chromophore
is deduced to be the source of photogenerated charge carriers on the basis of a comparison of the wavelength
dependence of the photoconductivity and absorption coefficient. Degradation of the photoconductivity and
the dark conductivity as well as of the photorefractive speed with sample age is attributed to precipitation of
the DEH; this explanation is supported by x-ray diffraction observations of crystal growth in the polymer.
INTRODUCTION
The photorefractive effect is a persistent but reversible
change in the refractive index of an electro-optic mate-
rial caused by nonuniform illumination. It was first ob-
served as detrimental optical damage in lithium niobate
and other crystals used for second-harmonic generation.l
The photorefractive effect occurs in materials that have
these three properties2 : a linear electro-optic (Pock-
els) response, photoconduction, and photosensitive traps.
The photorefractive effect is the basis of numerous pro-
posed applications, including integrated optics, optical
processing, optical data storage, optical computing, com-
munications, image processing, optical switching, thresh-
olding, laser resonators, simulation of neural networks,
and studies of nonlinear dynamics. Until recently all
photorefractive materials have been inorganic crystals.
Promising new photorefractive materials made of
electro-optic polymers mixed with charge-transport
agents and photosensitizers have been reported
recently.3 7 The nonlinear-optical polymers8' 9 pro-
vide structure and cohesiveness as well as the necessary
electro-optic response. The photosensitizers (sometimes
the host electro-optic polymer acts as the photosensitizer)
are the source of photocarriers, which are carried by
the charge-transport agents.10 " Recent research in
photoconducting polymers provides an excellent model of
the production of a composite system whose individual
components work together to produce a complex desired
behavior.
Photorefractive polymers may replace crystals in pho-
torefractive applications because of the polymers' relative
low cost and ease of fabrication into a variety of bulk and
thin-film devices. They are readily altered to conform
to complex device requirements imposed by environment,
size, shape, physical flexibility, reliability, and other con-
straints. Polymers are also amenable to mass production
in a variety of forms and shapes; they can be cast, spun,
painted, molded, injected, or extruded, and they can be
patterned by common lithographic techniques. Specifi-
cally, the new photorefractive polymers are ideally suited
for application in integrated optoelectronics by virtue of
their low cost, by their ease of processing and pattern-
ing into waveguide devices, and by the all-optical nature
of the photorefractive interaction (electronic control is
also possible). A model system integrated on one chip
or subassembly may contain electronic devices, laser or
LED sources, optical processing devices, and detectors.
In integrated optoelectronics, photorefractive materials
can perform moderate-speed operations such as switch-
ing, modulation, thresholding, multiplexing and demulti-
plexing, and reconfiguration. Photorefractive polymer
films or device arrays used in free-space transmission
can provide large-aperture parallel processing or storage
capability for, e.g., image processing or display technology
that is easily and economically fabricated.
Polymers have potentially higher photorefractive fig-
ures of merit than crystals. It is necessary, however,
to improve the performance of photorefractive polymers
before they are suitable for commercial application. Im-
provements in polymer composition and in sample fab-
rication have already yielded photorefractive polymers
with photorefractive coupling gains'2,13 as high as 56 cm-'
and photorefractive response times faster than 0.1 s,12-15
with moderate optical intensity (1 W/cm2). This per-
formance is competitive with existing photorefractive
crystals. Photorefractive and other nonlinear-optical
polymers will retain many of the drawbacks, as well as
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the advantages, of polymers in general, particularly their
relative intolerance to elevated temperatures and the
tendency of the artificially induced molecular alignment
to relax at ambient temperatures-a consequence of the
nonequilibrium state. Removing or reducing these diffi-
culties in nonlinear-optical polymers is an area of intense
current research worldwide, and a number of successful
approaches have been demonstrated.1 6 '18
We compare the photorefractive speed and the photo-
conductivity of a new polymer that has improved pho-
torefractive sensitivity and can be poled. The material
is a mixture of the electro-optic polymer bisphenol
A 4,4'-nitroaminostilbene (bisA-NAS) and 40-wt. %
diethylamino-benzaldehyde diphenyl hydrazone (DEH),1'
a hole-transport agent incorporated to carry holes
photogenerated from the nitroaminostilbene (NAS)
chromophore.3 The polymer exhibits the necessary
electro-optic and photoconductive responses and unique
features characteristic of photorefractive grating forma-
tion, readout, and erasure. The photocurrent is approxi-
mately proportional to the applied field and to the optical
power. The fatigue of the photocurrent is consistent
with the presence of at least two distinct types of ac-
tive trap.6 Type A traps are highly photosensitive and
are associated with the electro-optic chromophore NAS.
Type B traps, of unknown origin, have low photogener-
ation efficiencies and collect charges liberated from the
type A traps. Photorefractive response time is observed
to decrease concurrent with the degrading photoconduc-
tivity over 400 h. This degradation is attributed to DEH
precipitation, a hypothesis supported by a similar degra-
dation in the dark conductivity and the appearance of
crystalline DEH x-ray diffraction peaks in aged samples.
SYNTHESIS, FABRICATION, AND
CHARACTERIZATION
The bisA-NAS polymer (Fig. 1) was synthesized by
the method used to synthesize bisphenol A 4,4'-nitro-
aminotolane (bisA-NAT).6 Samples were fabricated with
40-wt. % DEH1' as described previously.' 6 The samples
were 145 ,um thick, showed slight optical scattering that
was due to inhomogeneity, and had absorption coeffi-
cients of 60 ± 5 cm-' at 650 nm (Fig. 2). The dielectric
constant of the samples was 3.6 ± 0.4 at 1 kHz, and
the (reversible) dielectric strength of the samples was at
least 120 kV/cm.
The photorefractive polymer samples were prepared as
follows: First, two 25 mm 12 mm x 1.1 mm indium
tin oxide (ITO) -coated soda lime glass plates provided by
Applied Films Laboratories, Inc., were cut and prepared
by the etching of an electrode pattern in the ITO coating
(Fig. 3). The desired electrode area was first covered
with tape. Then the glass plates were etched, for ap-
proximately 20 min, in a mixture of 3 parts nitric acid
and 1 part hydrochloric acid, which was diluted 1 to 1
with water. The two conducting surfaces of the slides
were cleaned with methanol followed by acetone. The
slides were placed, conducting surface up, onto a hot plate
controlled by an Omega temperature controller and plati-
num thermometer. The temperatures of the top surfaces
of the slides were maintained at 95 ± 0.5°C. Second,
the electro-optic polymer bisA-NAS was dissolved in 1-
methoxy-2-propanol at a concentration of 25 mg of poly-
mer to 1 mL of solvent. The hole-transport agent DEH
was dissolved in the same solution at 16.7 mg per 1 mL of
solvent. The solution was then filtered to 2 ,um. Third,
approximately 1 mL of the polymer-DEH solution was
dripped alternately onto the ITO electrodes etched on
each of the slides [Fig. 3(a)]. The time between drips al-
lowed the solvent to evaporate sufficiently to prevent
overflow. The slides remained on the hot plate for
30 min after the dripping ceased to allow most of the
solvent to evaporate. Fourth, two small glass spacers,
15 mm X 1 mm X 145 /um (cut from microscope cover
slips) were placed on either side of the polymer on one of
the glass slides as shown in Fig. 3(b). The second slide
was placed polymer side down onto the side with the
spacers. The slides were arranged so that the polymer
was sandwiched between the ITO electrodes [Fig. 3(b)].
The spacers kept the polymer contained when the two
slides were assembled and also maintained uniform thick-
ness throughout the film. The slides were positioned off
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Fig. 2. Photosensitivity (Sph) (squares) and absorption coeffi-
cient (circles) versus wavelength of sample 2, 17 days after fab-
rication at 69 kV/cm and 50 mW. The photoconduction curves
do not show fatigue.
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(b)
4
ITO Coating
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Fig. 3. (a) Procedure for dripping the polymer-DEH solution
onto ITO-coated glass plates. (b) Assembly of the photorefrac-
tive polymer sample. The active region between the electrodes
was 145 um thick and 1 cm2 in area.
center so as to permit access to both electrodes. The
assembled sample was removed from the hot plate and
allowed to cool and harden for 15 min. The resulting
hardened polymer held the sample securely.
The dielectric strength of each sample was estimated
by measuring the current through the sample as the volt-
age was slowly increased. Permanent damage occurred
when the arcing through the sample caused a burn and
ruined the sample for any future experiments. It was
found that any permanent damage caused by excess volt-
age was preceded by frequent nondamaging spikes in the
current at a slightly lower voltage. The maximum safe
voltage was defined as the lowest voltage causing an aver-
age of two spikes per minute. All experiments with the
sample were therefore carried out at or below the maxi-
mum safe voltage with no apparent permanent damage.
Typical maximum safe voltages for the bisA-NAS:DEH
samples were between 1000 and 2000 V, corresponding
to an internal electric field of 69-138 kV/cm. All mea-
surements were made at room temperature.
A. Electro-optic Response
The linear electro-optic (Pockels) response of each sample
was measured by a low-frequency (•1000 Hz) phase-
modulation technique with the sample mounted in a
Mach-Zehnder interferometer"9 with a 632.8-nm, 6-mW,
TEMoo, helium-neon laser. The laser light was p po-
larized at a 450 incidence angle (in air), yielding a
typical effective electro-optic response n3 reff = 1 
0.5 pm/V with a 69 kV/cm alignment electric field in
nominally unpoled samples. Piezoelectric, electrostric-
tivo, and olectromechanical contributions have been ac-
counted for by independent measurement in a reflec-
tion geometry. 9 Two samples with glass temperatures
Tg 60TC were successfully poled.20 After the poling,
these samples had a zero-field electro-optic response of
approximately 1.5 pm/V at room temperature; the electro-
optic response relaxed with a room-temperature half-life
of 1100 h at zero electric field, as is shown in Fig. 4.
Application of a 69-kV/cm electric field to the samples
increased the electro-optic response n3reff by 0.5-1 pm/V
whether the samples were poled or not. Both samples
were discolored, damaged by the poling procedure.
B. Photoconduction
We measured the conductivity of each sample by apply-
ing a dc voltage and measuring the current through the
sample (refer to Fig. 5). Each sample was mounted in-
side a diecast aluminum box on top of a small block of
Teflon that was covered with black electrician's tape to
minimize diffuse reflection from the Teflon after the beam
had passed through the sample. Two small spring con-
tacts made of beryllium-copper attached to the block
made electrical connections to the ITO electrodes on
the glass slides. One contact was connected to a Stan-
ford Research Systems, Inc., Model PS 350 high-voltage
power supply, the other to a Keithley Model 428 cur-
rent amplifier. The output of the current amplifier was
recorded on a Linseis Model L4100 strip-chart recorder,
2.5
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1.5
1.0
0.5
0.0
0 0.1 1 10 100
Time after field turned off (hr)
1000
Fig. 4. Relaxation of the electro-optic response for two samples
after poling.
Aluminum Box
Fig. 5. Experimental arrangement for measurement of the pho-
toconductivity. The sample is illuminated while a constant dc
voltage V is maintained across the electrodes with area A, and
the current J through the sample is monitored.
n 3r 2.3 pmN at 69 kV/cm
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on a Tektronix 2440 digital oscilloscope, or by computer.
The samples were illuminated at normal incidence by a
0.55-mm-diameter (FWHM) beam from a cw dye laser.
We determined the photoconductivity a-ph of the
samples by illuminating each with a laser while a con-
stant voltage was maintained across the sample elec-
trodes. The current through the sample was monitored
before, during, and after illumination with light of inten-
sity I, as shown in Fig. 6. The rise in current flowing
through the sample caused by this light, the photocurrent
AJ, was measured and recorded. The photosensitivity,
Sph = Uph/I = LAJ/VP, was calculated from the photo-
current AJ, applied voltage V, the thickness of the sample
L, and the power of the beam P.
Most bisA-NAS:DEH samples exhibited a decrease in
photocurrent shortly after illumination, which we call
photocurrent fatigue, as is shown in Fig. 6. Sample 4
exhibited this fatigue 1 day after fabrication, whereas
sample 5 had no noticeable fatigue for at least 1 month
after fabrication. As the figure shows, the initial photo-
current is reduced by 40% over -5 min. Most samples
had photocurrent fatigue to a final value Jf of between
30% and 75% of the initial value J 1. There was no persis-
tence of the photocurrent; the current returned to its origi-
nal dark value immediately after the illumination ceased.
Once photocurrent fatigue had occurred in a sample, the
high initial peak in the fatigued curve was not repeated
unless the sample was restored by being left for at least
an hour in the dark with no applied voltage.
This fatigue is consistent with the presence of two
types of trap for photogenerated charge carriers, a model
that was proposed to explain photoconduction fatigue and
grating competition in bisA-NAT:DEH 40%.6 (Here we
discuss the features of this model as they apply to the
photoconduction fatigue; the application of this model to
photorefractive charge gratings will be discussed below.)
The type A traps are the main traps from which charge
carriers are easily photogenerated, and the type B traps
are shallow, weakly photoionizable traps. The type A
traps are presumably a subset of the NAS chromophores.
The origin of the type B traps is unknown; they may be
additional impurities, polymer-chain defects, or even an-
other subset of the NAS chromophores. In this model
the type B traps are initially empty and neutral, but they
are responsible for trapping a large fraction of the charge
carriers initially freed from the type A traps. Samples
were restored presumably when the shallow Type B traps
emptied into the Type A traps.
The initial Sph of each of the samples discussed in this
paper is recorded in Table 1. There were no indications
of space-charge buildup or injection in long-term measure-
ments or in field-reversal tests. The possibility that illu-
mination increased the current by heating the sample was
tested by illumination of samples with 514.5-nm (strongly
absorbed) light. The temperature of the top glass plate
increased by no more than 0.1 °C, and the current did not
measurably change. Unless otherwise noted, all photo-
sensitivity measurements were made before samples ex-
hibited photocurrent fatigue curves.
The photocurrent was found to be linear in intensity.
However, as can be seen in Fig. 7, there was a nonzero
y intercept. This suggested a nonlinear relationship at
low intensities (below 5 W/cm2 ). As a result the photo-
sensitivity (also in Fig. 7), which is proportional to the
photocurrent divided by intensity, was not independent
of intensity below approximately 15 W/cm2 . The photo-
sensitivity decreases by a factor of-2 between 3.5 W/cm2
and 15 W/cm 2 .
The photosensitivity (Sph) increased steadily with the
applied field, as is shown in Fig. 8. Sph increased by
a factor of -2 from 6.9 to 96.5 kV/cm. Since it was
determined that there was no space-charge buildup in
the samples, this was likely due to field effects on the
photogeneration rate 21 and carrier mobility.2 2
The photosensitivity of sample 2 was proportional
to the absorption coefficient at longer wavelengths
(640-670 nm), when the sample was uniformly illumi-
nated. At shorter wavelengths the photocurrent de-
creased owing to the increased attenuation of the beam
near the surface of the sample. Since the absorption
at these wavelengths is entirely due to the NAS chro-
mophore, the NAS chromophore must be the primary
source of photogenerated charge carriers.
C. Degradation of Photoconductivity
The photoconductivity and dark conductivity of all bisA-
NAS:DEH samples decreased with the age of the sam-
ple. As Fig. 9 shows, the photosensitivity and dark
conductivity decrease steadily with sample age. It
has been proposed that the cause of this degrada-
tion is the gradual precipitation of the DEH molecule
600
500
C
C-
400
300
200
100
0
0 1 2
Time (minutes)
3 4 5
Fig. 6. Circles, fatigue of the photocurrent in sample 4, 20 days
after fabrication; Ji and AJf are initial and final values of
the photocurrent, respectively. Squares, nonfatigued photocur-
rent of sample 5, 21 days after fabrication. Both curves were
recorded at 69 kV/cm, 650 nm, and 50 mW.
Table 1. Initial Photosensitivities
of bisA-NAS:40-wt. % DEH Samplesa
Photosensitivity (Sph) Time since
Sample (cm/W fl) Fabrication (h)
1 1.31 x 10-10 2
2 0.51 10-10 55
3 0.40 10-10 3
4 1.10 x 10-10 2
5 2.10 x 10-10 2
aAll samples exhibited nonfatigued photocurrent curves for these ini-
tial measurements. Measurements were made with 100 mW of 650-nm-
wavelength illumination with an electric field of 69 kV/cm.
Jones et al.
1068 J. Opt. Soc. Am. B/Vol. 11, No. 6/June 1994
90
a 80
70
E 60C
6 50
40
U) 30
20
10
0
0 5 10 15 20 25
Intensity(W/cm 2)
400
350
300 ,0
250 °
200 i
150 D
100
50
0
30 35 40
Fig. 7. Photocurrent (filled circles) and photosensitivity Sph
(filled squares) versus intensity in sample 1, recorded 3 days
after fabrication. The photoconduction curves do not show
fatigue.
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newer samples had not yet precipitated to the point at
which it formed crystals big enough to be seen in x-ray
spectra yet big enough to decrease the photosensitivity
and the photorefractive speed significantly (Fig. 11).
D. Photorefractive Measurements
Photorefractive properties of the polymers were measured
in degenerate four-wave mixing experiments with a cw
dye laser operating at a wavelength of 650 nm with a
single longitudinal mode and a TEMoo (1.0 ± 0.05 mm
FWHM) transverse mode. The experimental setup is
shown in Fig. 12, and a close-up of the beam geome-
try near the sample is shown in Fig. 13. The sample
was held on a stress-free mount at ambient temperature
(:23 0C). The two s-polarized 20- and 16.4-mW writing
beams were incident upon the sample at angles a = 600
and a - 20 = 400 (in air), respectively, to form a phase
grating with wave vector kg. The angles a = 60° and
20 = 20° result in a grating spacing of 2.6 ,rm at an angle
of 63.6° from sample normal (assuming the sample re-
fractive index n = 1.7). The 200 /W p-polarized read-
ing beam 3 was incident counterpropagating to the object
beam 2 and had a measurable effect only on the dark de-
cay. Part of the reading beam was Bragg diffracted in
10.0
a~1.0
6Ca 10
80l.1
140
Fig. 8. Photosensitivity Sph versus field. Sample 3 (triangles)
and sample 2 (circles) 1 day after fabrication at 650 nm and
100 mW power. The photoconduction curves do not show
fatigue.
0.0
0 50 100 150
Sample Age (hrs)
100
10
1
200 250
within the polymer host.3 A high concentration of DEH
(20-40 wt. %) is needed to produce sufficiently high
photoconductivity; such concentrations presumably ex-
ceeded the room-temperature solubility of DEH in the
polymer. Since the DEH functions as a conduit for
charge carriers, a heterogeneous distribution of the mole-
cule caused by precipitation results in low overall charge-
carrier mobility. The fact that both the dark conductivity
and the photosensitivity decreased with time indicated
that it was the charge mobility, and therefore probably
the DEH, that was being affected, ruling out any expla-
nation that would affect only the photosensitivity but not
the dark conductivity, such as decreasing quantum ef-
ficiency or photogeneration rate. Since it was expected
that the DEH would eventually clump together and form
crystalline particles, x-ray diffraction spectra were taken
of month-old and 14-month-old bisA-NAS:DEH samples
with a Rigaku x-ray diffraction spectrometer. These
were then compared with an x-ray diffraction spectrum
of powdered DEH crystals (Fig. 10). The 14-month-old
sample showed several peaks that are characteristic of
the DEH crystal spectrum, while samples 1 month or less
in age showed no such peaks. Presumably the DEH in
Fig. 9. Degradation of the initial photosensitivity (filled circles),
the final photosensitivity (filled squares), and the dark con-
ductivity 0-dark (filled triangles) of sample 4, which exhibits a
fatigued photocurrent curve, with initial and final values of the
photosensitivity Sph corresponding to AJi and AJf as shown in
Fig. 6.
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.F 
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0 20 30 4010
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Fig. 10. X-ray diffraction spectra of powdered DEH (A) and of
bisA-NAS: 40 wt. % DEH samples 1 month after fabrication (B)
and 14 months after fabrication (C).
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Fig. 11. Photorefractive speed (l1r) as measured in four-wave
mixing (filled circles) and as calculated from photoconductivity
measurements (filled squares) versus age of sample 5 at 650 nm
and 20 mW. The solid lines are guides to the eye.
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Fig. 12. Experimental setup of four-wave mixing measure-
ments: L's, lenses; M's, mirrors; BS's, beam splitters; P's,
polarizers; PR, polarization rotator; A, attenuator; PMT,
photomultiplier tube. The wavelength of the dye laser output
was 650 nm. The writing beams are (1) and (2), the reading
beam is (3), and the signal beam is (4).
the direction opposite to beam 1, and a beam splitter was
used to direct the signal beam into a photomultiplier tube.
Note that the small birefringence of the sample causes
the oppositely polarized reading and writing beams to re-
fract differently at the sample surface, so that the reading
beam should not exactly counterpropagate to beam 2 for
optimum diffraction. In practice this condition is satis-
fied by adjustment of the reading beam for maximum dif-
fracted signal. The polarization of the reading beam and
thus of the signal beam was orthogonal to that of the writ-
ing beams, so that the polarizer placed in front of the pho-
tomultiplier tube blocked most of the light scattered from
beams 1 and 2 by sample inhomogeneities, optical com-
ponents, and dust. The polarizer therefore improved the
signal-to-noise ratio. The readout beam was p-polarized,
since the larger electro-optic coefficient for this polariza-
tion produced a higher diffraction efficiency. The signal-
to-noise ratio was further improved by chopping of the
reading beam at 2000 Hz and use of a lock-in amplifier
to amplify the signal.
The photorefractive nature of the gratings was con-
firmed by observation of asymmetric two-beam energy
coupling, which requires the presence of a shifted phase
grating. 2 2 3 The Bragg nature of the diffraction in four-
wave mixing was verified by rotation of the sample during
readout. The signal was observed during readout in un-
poled samples only with the bias electric field present;
there was no linear electro-optic response in zero field
and hence no linear index grating, even in the presence
of a photorefractive space-charge distribution. The holo-
graphic signal was large enough to measure only when
a large electric field was applied to the sample during
grating formation, consistent with field-enhanced (drift)
photorefractive grating formation.2 3 The gratings could
be repeatedly written and completely erased with the
same optical wavelength and at fixed temperature. Two
significant features of photorefractive polymers, as con-
trasted with crystals, are the large observed space-charge
electric field resulting from the small dielectric constant
and one's ability to turn the hologram diffraction on and
off by repeatedly removing and reapplying the electric
field E0 after the space charge has been stored.3 The
maximum observed diffraction efficiency in sample 1 be-
fore poling was 7.5 10-5 at a bias field of 69 kV/cm.
The photorefractive diffraction efficiency in sample 1 was
1 X 104 after poling, much smaller than before poling,
perhaps because of the damage to the sample. The mea-
surements reported below were made on unpoled samples;
readout was possible only when an external electric field
was applied.
The unpoled samples required an applied electric field
to align the nonlinear-optical molecules and thus produce
electro-optic response, as noted above. Usually 1000 V
was applied to the 145-,um-thick samples, producing an
electric-field strength of 69.0 kV/cm. The diffraction ef-
ficiency, defined as the ratio of the diffracted power to the
transmitted power, was recorded by a computer that also
opened and closed the shutters in beams 1 and 2 at ap-
propriate times. Dark decay curves were recorded with
both beams 1 and 2 off, and light-induced erasure with
only beam 2 on (though the weak beam 3 was always on).
Usually five curves per measurement were recorded and
analyzed separately, after which the decay times were
V signal beam
writing beams
reading beam //26
k w If ^~~~~~~~- --O k2
3~~~ / ^ \ a l s-polarizedp-polarizedlsrp
Fig. 13. Close-up schematic of light beams near the sample:
k,...,k 4 , wave vectors of the four beams; kg, grating wave
vector; V, applied voltage; L, sample thickness. The signal
beam, k 4, is shown displaced from the writing beam, k, for
clarity.
calculated from
photoconductivity
U" *
U ~~- U
Measured by
grating erasure
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Fig. 14. Semilog plot
different sample ages.
described in the text.
4 5
of the example decay curves at three
The solid curves are fits to the data as
than the observed improvement. The NAS chromophore
has a greater conjugation length than the 4-nitro-1,2-
phenylenediamine (NPDA) chromophore and therefore
will have larger separation of charge in the exited state
and a higher quantum efficiency in transferring free holes
to DEH, perhaps explaining the higher photosensitivity.
Table 2 lists the photorefractive performance of
several polymers and an organic crystal under compara-
ble conditions, all without added photosensitizers. The
photorefractive sensitivity PRS = An/aI, or photo-
refractive index change per absorbed energy density, is
a combined measure of the electro-optic response, photo-
generation quantum efficiency, and mobility-lifetime
product, but does not depend on the absorption coeffi-
cient. The photorefractive sensitivity depends on ex-
perimental conditions such as wavelength, temperature,
sample orientation, and polarization. In addition, the
photorefractive sensitivity is noticeably increased by dop-
ing or sensitization, as has been already accomplished in
several photorefractive polymers. 4 2 5
averaged. The erasure curves (see Fig. 14) were ana-
lyzed by an empirical two-exponential fit of the following
form to the data:
I = [a exp(-t/b) + c exp(-t/d)]2 , (1)
where a, ... , d are the four fitting parameters. The rea-
son for choosing this particular fit can be most easily seen
in Fig. 14, where example curves at three different times
are plotted on a semilog scale. As can be seen in this
figure, the data can be approximated by straight lines ini-
tially and at later times. Therefore it seems that the sig-
nal is best described by the two exponentials, whereas a
single-exponential decay would appear as a single straight
line in Fig. 14. Note, though, that qualitative conclu-
sions drawn from Fig. 11 are not dependent on the precise
form of the assumed decay curve [Eq. (1)]. In general
it was observed that the short time constant was -100
times smaller than the long time constant. For compari-
son of grating decay and photoconductivity, the short
time constant was used. The exponential decay time of
the grating amplitude was r = 0.11 ± 0.02 s at intensity
I = 1.0 W/cm2 , whereas the expected time constant from
the photoconductivity measurements is much smaller.
The speed of photorefractive grating formation or era-
sure is the inverse of the exponential time constant r and
benefits from the inherently low dielectric constant Er
of polymers.2 The speed 1/7 t Uph/ere0 (in the large-
grating-spacing limit) is proportional to the material
photoconductivity Uph = SphI, where the photosensitiv-
ity Sph is proportional to the carrier photogeneration
rate, mobility, and lifetime.
The photorefractive speed of bisA-NAS:DEH 40%
(0.11 s at 1 W/cm2 ) is approximately 3500 times greater
than the first photorefractive polymer bisA-NPDA:DEH
30% (r = 390 s at 1 W/cm 2).3 The 40-times-larger ab-
sorption coefficient of the NAS polymer would provide
a 40-fold increase in speed, and the data in Ref. 3
project that a bisA-NPDA:DEH 40% mixture would be
5-10 times faster than the samples with 30% DEH. To-
gether these factors account for an improvement of photo-
sensitivity or photorefractive speed of 200-400, much less
E. Relationship between Photoconductivity and
Photorefractive Speed
The standard model of photorefractive charge transport 2
assumes the existence of partially filled (type A) traps;
charge carriers are generated at one location and retrap-
ped at another, producing space-charge distributions.
Oppositely charged compensating traps, possibly defects
or impurities, are postulated to satisfy overall charge
neutrality. The compensating traps are assumed to
be inert; they do not contribute to charge transport
or to space charge. There is reason to believe3 12' 26
that the standard model is applicable to photorefractive
polymers. Specific features of conduction in, e.g.,
geminate recombination, 1 27' 28 low mobility,27 2 9 and large
carrier range, can be readily incorporated into the stan-
dard model.27 '28
As is discussed above, the observed photoconductive
fatigue in the photorefractive polymers is consistent
with the standard model if we postulate the presence
of additional shallow type B traps. The same shallow
type B traps can store space charge in a competing,
antiphase grating in competition with the usual grat-
ing stored in type A traps. This model has been applied
to observations of grating competition in photorefractive
crystals30 -3 3 and in a photorefractive polymer.6 We now
have three types of fixed charge in this model, the photo-
ionizable type A traps that are the source of photo-
carriers, the completely immobile compensating charge,
and the nonphotosensitive type B traps that trap free
carriers and are emptied by thermal excitation only.
The model explains fatigue of the photoconductivity, the
slow recovery of this fatigue, and photorefractive grating
competition. Only the type A traps have an identifi-
able source, the NAS molecules. The most compelling
evidence for the presence of the type B traps in the bisA-
NAS:DEH polymers is the photoconduction fatigue. The
grating competition observed in bisA-NAT is also consis-
tent with the presence of type B traps.
Photorefractive theory predicts that, to a first approxi-
mation with the contributions of the type B traps ne-
glected, the photorefractive speed of grating formation or
erasure 1hr is proportional to the photosensitivity Sph.
C
.
C2
C)
U)
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Table 2. Diffraction Efficiency )7, Absorption Coefficient a, and Photorefractive
Sensitivity PRS of Some Photorefractive Polymers (without Additional Sensitizers)
and an Organic Photorefractive Crystal (with Sensitizer)a
Polymer T at 1 W/cm2 (s) 7 a (cml) Bias Field (V/cm) PRS (cm3/J)
BisA-NPDAb 390 0.9 x 10-4 1.5 126 1 X 10-6
PMMA-PNAc 6.7 7.5 x 10-6 0.57 114 3.9 x 10- 7
BisANATd 1.1 1.1 x 10-3 118 138 3.4 x 10-7
BisA-NAS 0.11 7.5 x 10-5 60 138 1.8 x 10-6
MNBA crystale 1875 1.8 10-6 2.5 0 -1 x 10-
aMeasurements were made near the 650-nm wavelength, with p-polarized readout and with 1-2 /zm grating spacing, unless otherwise noted.bRef 3 .
cRef 5.
dRef 6.
eRef. 38, measured at 676 nm.
However, it was found that the time constant calculated
from photoconductivity measurements did not agree with
the actual time necessary to form a grating in four-wave
mixing experiments. The actual time necessary to form
a grating was 10-800 times greater than the predicted
time. This may mean that there are parallel photo-
conduction channels (i.e., additional traps) that contribute
to photoconduction but not to photorefractive charge stor-
age. This question deserves further study.
To examine the relationship between the photorefrac-
tive response time and the photosensitivity, a sample was
monitored over a time of just under 400 h. The photo-
sensitivity of the sample decreased over this time, pre-
sumably because of DEH precipitation as discussed above.
The photorefractive speed decreased in proportion to the
photosensitivity, as is shown in Fig. 11.
F. Two-Beam Energy Coupling
Two-beam energy coupling measurements in a BisA-
NAS:DEH sample made with extraordinary polarization,
with 30-mW pump- and 3.9-mW probe-beam powers,
yielded gL = 0.74 ± 0.1% as the coupling strength, or
g = 0.46 ± 0.06 c-' as the coupling gain coefficient, with
an applied field of 138 kV/cm and grating orientation and
spacing as above. With the grating phase assumed to be
90°, the coupling strength should be gL = 2/7, where 
is the degenerate four-wave mixing diffraction efficiency.
A value of 17 = 0.0075 ± 0.002% measured with the same
sample under the same conditions yielded a calculated
coupling strength of 1.7%, larger than the measured
coupling of 0.74%, perhaps owing to the observed inho-
mogeneity of the electro-optic response, although it is also
consistent with a grating phase different from 90°.4
CONCLUSIONS
While these first-generation photorefractive polymer mix-
tures represent a breakthrough in the design of new or-
ganic photorefractive materials, and there is much to be
learned about their properties, they will ultimately fail to
satisfy some essential requirements for practical photo-
refractive materials. One of these failures is inherent in
the need for large amounts of the charge transport agent,
such as DEH, far above its solubility in the host polymers.
This approach inevitably leads to polymer mixtures with
a low Tg and with optical inhomogeneity, low dielec-
tric strength, phase separation, and degradation of the
photosensitivity.
We have monitored the simultaneous degradation of
the photosensitivity, the dark conductivity, and the pho-
torefractive speed of samples of BisA-NAS:DEH.4 This
degradation, also observed in bisA-NAT:DEH (Ref. 6)
and bisA-NPDA:DEH,3 is likely due to precipitation of
the DEH, since DEH is not soluble at the large con-
centrations (20-40 wt. %) necessary to produce sig-
nificant photoconduction in these polymers. Covalent
attachment of the charge-transport agent is an appro-
priate alternative approach that will eliminate precipita-
tion and consequently eliminate the degradation of the
photoconductivity and increase the glass-transition tem-
perature. Such an approach has been demonstrated.3 5
Advances in high-temperature stability of nonlinear-
optical polymers6 7 3 63 7 should then be generally ap-
plicable to these covalent photorefractive polymers.
Comparisons of the absorption coefficient, photosensi-
tivity, and photorefractive speed have established that
the nonlinear-optical chromophore also serves as the pho-
tosensitizer in the bisA-NPDA:DEH,3 bisA-NAS:DEH,3 4
and bisA-NAT:DEH systems.6 Improvement of the
photoconductivity, and also of the speed, of photorefrac-
tive polymers by photosensitization with dyes (including
fullerenes) has been reported by several groups.57"4 2 4
Sensitization with appropriate dyes is a versatile means
of improving diffraction efficiency and speed at techno-
logically important semiconductor laser wavelengths.
These studies are guiding synthesis of new polymers,
particularly polymers with covalently attached charge,
transport agents that do not phase separate and have
higher Tg, higher dielectric strength, improved homo-
geneity, and stable photoconductivity. We have quali-
tative correspondence between photoconductivity and
photorefractive speed. However, the photorefractive
speed is consistently smaller than is predicted by
photorefractive theory from the measured photoconduc-
tivity of the samples. Future studies should concentrate
on photorefractive characterization of the new polymers
to test the applicability of theoretical models.22 72 8
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